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ABSTRACT

Chronotype, an individual’s preferred sleep-wake timing, is influenced by sex and age. Men
sometimes report a later chronotype than women and older age is associated with earlier
chronotype. The sex-related changes in chronotype coincide with puberty and menopause.
However, the effects of sex hormones on human chronotype remain unclear. To examine the
impact of 3 months of gender-affirming hormone therapy (GAHT) on chronotype in transgender
persons, this study used data from 93 participants from the prospective RESTED cohort, including
49 transmasculine (TM) participants starting testosterone and 44 transfeminine (TF) participants
starting estrogens and antiandrogens. Midpoint of sleep and sleep duration were measured using
the ultra-short Munich ChronoType Questionnaire (UMCTQ). After 3 months of GAHT, TM partici-
pants’ midpoint of sleep increased by 24 minutes (95% Cl: 3 to 45), whereas TF participants’
midpoint of sleep decreased by 21 minutes (95% Cl: —38 to —4). Total sleep duration did not
change significantly in either group. This study provides the first prospective assessment of sex
hormone use and chronotype in transgender persons, showing that GAHT can change chronotype
in line with cisgender sex differences. These findings provide a basis for future studies on biological
mechanisms and clinical consequences of chronotype changes.

ARTICLE HISTORY
Received 16 June 2023
Revised 1 April 2024
Accepted 2 April 2024

KEYWORDS

Transgender; testosterone;
estradiol; sex hormones;
chronotype

Introduction endogenous circadian cycle lasts approximately 24
hours (Roenneberg et al. 2003). The duration of the

The human circadian timing system regulates 24-hour  diurnal rhythm of the central clock can, however, differ

rhythms in behaviour and physiological processes.
These circadian rhythms are orchestrated by the cen-
tral brain clock located in the suprachiasmatic nucleus
(SCN) of the hypothalamus, which synchronizes
a multitude of peripheral clocks throughout the body.
The molecular mechanism of the central and periph-
eral clocks is the transcriptional translational feedback
loop of the core clock genes, which has an intrinsic
period duration of approximately 24 hours. The mole-
cular clocks regulate the timing of output genes and
thus the timing of physiological processes in specific
tissues. In the absence of external time cues, the

between individuals due to various factors (e.g. genet-
ics, environmental factors, biological differences),
causing some individuals to have circadian rhythms
significantly longer or shorter than 24 hours, resulting
in a propensity to sleep earlier or later (Roenneberg
et al. 2019).

This preference in sleep-wake timing based on the
intrinsic circadian rhythm is also known as “chrono-
type” (Adan et al. 2012). People with early chronotypes
(“morning types”) rise early, have earlier diurnal peaks
in physical and mental performance, and retire early in
the evening. Conversely, people with a later chronotype
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(“evening types”) are more inclined to have their time
peak activity in the second half of the day and preferably
go to bed later (Adan et al. 2012).

Previous research has established that people with a late
chronotype have a higher risk of sleep problems and
poorer mental and physical health (Jankowski et al.
2019). One potential explanation is that evening-types are
more likely to experience sleep loss because they prefer
later bed- and wake-up times, but must wake up early to
fulfill social obligations. This results in a longer so-called
“social jetlag.” Social jetlag is a form of circadian misalign-
ment, caused by a discrepancy between biological sleep
timing preferences and social rhythms (Jankowski 2015;
Wittmann et al. 2006). Recognizing social jetlag is impor-
tant since it is associated with an adverse endocrine, beha-
vioral and cardiovascular risk profile due to circadian
misalignment and a chronic lack of sleep (Baron and
Reid 2014; Caliandro et al. 2021; Rutters et al. 2014).

The variability in human chronotype is mostly deter-
mined by genetic variation in clock genes (Archer et al.
2003; Toh et al. 2001; Vink et al. 2001) and environ-
mental factors (e.g. light exposure) (Montaruli et al.
2021; Roenneberg et al. 2003). Additionally, research
has also shown differences in chronotype based on age
and sex. For example, children exhibit a morning pre-
ference and develop a propensity towards later chron-
otype during puberty. Around the age of 20, there is
a peak “lateness,” where the chronotype slowly returns
back to morning preference with increasing age
(Roenneberg et al. 2004).

Sex differences in chronotype emerge at the onset of
puberty when increasing levels of sex hormones trigger
the development of secondary sex characteristics. It is
known that girls tend to go into puberty earlier than
boys, and the shift to the puberty-associated late chron-
otype also happens 1 year earlier in girls than it does in
boys (Hagenauer and Lee 2012). During puberty, the shift
to a later chronotype is more pronounced in boys than in
girls (Fischer et al. 2017). This difference remains during
the reproductive age: adult men generally tend to have
a later chronotype than adult women (Adan and Natale
2002). The disparity in chronotype between men and
women disappears around 40 years of age, coinciding
with the perimenopause in women (Fischer et al. 2017;
Randler and Engelke 2019). A similar pattern is seen in
reported sleep duration: after adolescence, women report
a longer sleep duration than men (Kocevska et al. 2021),
and these sex differences in sleep duration disappear
during the perimenopause (Tonetti et al. 2008).

The changes in chronotype during puberty and
menopause have led researchers to hypothesize that
sex hormones could be contributing to shifts in chron-
otype. This could be explained by the presence of
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estrogen receptors and androgen receptors in the SCN,
which are expressed in a sex-specific way (Kruijver and
Swaab 2002). These also have effects on the circadian
system: both androgens and estrogens could affect pho-
tic sensitivity within the entrainment pathway in
rodents, meaning they can moderate the effect of light-
and dark cues on the SCN and thereby modify the
circadian system in rodents (Joye and Evans 2022).

Thus far, human research has mainly focused on the
association between sex hormones and insomnia
(Morssinkhof et al. 2023), while studies on sex hormones
and chronotype are scarce. Studies that have examined
the association between sex hormones and chronotype
show indications that higher testosterone is associated
with later chronotypes. Randler et al. (2012) and
Jankowski et al. (2019) both found associations between
testosterone levels and later chronotypes in males.
However, Yuan et al. (2023) found that only in women,
and not in men, free testosterone was associated with
a later chronotype. These studies all assessed cross-sec-
tional associations, and it is therefore still unknown
whether the sex hormones could also have a causal effect
on the sex differences in chronotype in humans.

Transgender individuals who use gender-affirming
hormone therapy (GAHT) are a unique group in
whom we could prospectively study effects of sex hor-
mone use on chronotype. Transmasculine (TM) per-
sons, who were assigned female at birth and desire
masculinization, can use testosterone, whereas transfe-
minine (TF) persons, who were assigned male at birth
and desire feminization, can use estrogens and anti-
androgens. GAHT has as an effect on multiple homeo-
static bodily processes and causes significant changes in
physical appearances towards the phenotype of the
other sex (Cocchetti et al. 2022), but their effects on
chronotype are not yet known.

This study aims to examine the effect of sex hor-
mones on chronotype, specifically the midpoint of
sleep and sleep duration, in transgender persons after
3 months of GAHT use. We hypothesize that TM per-
sons, using testosterone, show a change in chronotype
from early to later-type and a shorter sleep duration
after 3 months of GAHT, whereas TF persons, using
estrogen and anti-androgens, show a chronotype mov-
ing from a later to earlier chronotype and a longer sleep
duration after 3 months of GAHT.

Methods
Study population

Participants for this study were recruited from the
Relationship between Emotions and Sleep in
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Transgender persons: Endocrinology and Depression
(RESTED) study, a prospective cohort study investigating
the effects of gender-affirming sex hormone use on sleep
and mood. RESTED participants were recruited at the
gender clinics of the Amsterdam University Medical
Centers (Amsterdam UMC) and the University Medical
Centre Groningen (UMCG). In the RESTED study,
adults were eligible for participation if they were aged
between 18 and 50, diagnosed with gender dysphoria
and/or gender incongruence, and planning to start the
use of gender-affirming hormone therapy (GAHT).

The exclusion criteria for the RESTED study
included: having a preexistent sleep disorder, use of
sleep medication (including benzodiazepines, benzodia-
zepine agonists, barbiturates, and opiates), or previous
use of gender-affirming hormones. Individuals inter-
ested in participating in the study received oral and
written information about the study protocol, after
which informed consent was obtained. The RESTED
study was classified as a “non-WMO?” study by the
Medical Ethical Committee of the Amsterdam UMC
(location VUmc) and the local committee at the
UMCG, meaning that the Medical Research Involving
Human Subjects Act (WHO) did not apply to the data
collection of this study (study id. 2019.353).

Data collection

The study data were collected at the Amsterdam UMC
and UMCG between December 2019 and January 2023.
A total of 99 participants was included in the RESTED
study, of whom 51 TM participants, who were assigned
female at birth and started masculinizing GAHT, and 48
TF participants, who were assigned male at birth and
started feminizing GAHT. Participants provided mea-
surements before starting GAHT, after 3 months of
GAHT, and after 12 months of GAHT. The study mea-
sures at every timepoint included questionnaires on
depressive symptoms, using the IDS-SR (Rush et al.
1996), stress, using the Perceived Stress Scale (Cohen
et al. 1983), sleep quality, using the Pittsburgh Sleep
Quality index (Buysse et al. 1989), and insomnia, using
the Insomnia Severity Index (Bastien et al. 2001), as well
as seven nights of ambulatory sleep EEG measurements,
using an ambulatory single-electrode EEG sleep mea-
surement device (Smartsleep, Philips, the Netherlands).
The results of these aforementioned assessments are not
reported on here. Chronotype was studied using the
ultra-short Munich ChronoType Questionnaire
(UMCTQ) (Ghotbi et al. 2020).

For the current study, data from 97 participants with
available complete chronotype questionnaires at base-
line and 3 months were included. Participants were

excluded if their chronotype questionnaires were miss-
ing at both measurements or, in the case of TF partici-
pants, if they used only anti-androgens or only
estrogens instead of both. This resulted in the sample
sizes as displayed in Figure 1.

Treatment protocol

For the TM participants, gender-affirming hormone
therapy consisted of testosterone and, for some, addi-
tional use of cycle-regulating medication (e.g. progestins
or hormonal contraceptives). Testosterone was admi-
nistered as either transdermal gel (50 mg once daily),
intra-muscular injection of short-acting testosterone
esters (250 mg once per 3 weeks) or as an intra-muscu-
lar injection of long-acting testosterone undecanoate
(1000 mg once every 12 weeks). Participants could also
use medication to regulate their menstrual cycle, either
using progestogens (lynestrenol 5mg daily, norethis-
teron 5 mg daily, desogestrel 0.075 mg daily, intrauter-
ine device releasing levonorgestrel 52mg daily,
medroxyprogesterone 150 mg injected every 12 weeks)
or combined estrogen-progestin oral contraceptives
(COCs; ethinylestradiol/levonorgestrel 0.02 mg/0.1 mg
daily, ethinylestradiol/levonorgestrel 0.03 mg/0.15 mg
daily, ethinylestradiol/drospirenone 0.02 mg/3 mg).

For the TF participants, gender-affirming hormone
therapy consisted of estrogens and anti-androgens.
Estradiol was either administered orally, using estradiol
valerate (2 mg twice daily), or transdermally with an
estradiol patch (100 pg patches every 3 days) or estradiol
gel (1-1,5 mg once daily). Anti-androgens were used in
the form of cyproterone acetate (10 mg daily) or injec-
tions of the GnRH analog triptorelin (3.75 mg once every
4 weeks or 11.25mg every 12 weeks) or leuproreline
(3.75mg once every 4 weeks). Several TF participants
started using only anti-androgens (n=1) or estrogens
(n=2) at the start of GAHT: these participants were
excluded from the current analyses. A flowchart of parti-
cipant in- and exclusions is displayed in Figure 1. The
treatment protocols for gender-affirming treatment at the
time of the study state that gonadectomy (i.e., removal of
testes or ovaries) can be considered after at least 12
months of GAHT. Therefore, none of the participants
had undergone gonadectomy before or during the study.

Demographic and clinical characteristics

Participants visited the clinic at the start and after 3
months of GAHT, and clinical characteristics (e.g. sex
assigned at birth, age at baseline measurement, body
mass index, medication use, form and dosage of hor-
mone use, use of menstrual cycle regulation or
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Signed informed consent:

n=101

Excluded from study after informed

consent:

A

Reported benzodiazepine use: n = 1

Study participants:
n=99

Reported previous GAHT use: n=1

Excluded from analysis:

Missing chronotype questionnaire at

both timepoints: n = 3
Use of only anti-androgens or only

Included in analysis:

estrogens: n =3

n=93
Transmasculine Transfeminine
(TM) participants: [« P (TF) participants:

n=49 n=44
Missing measurements:
Incomplete questionnaire: >
n=1 4 v

At baseline: At baseline:
- n=48 n=44 o

Missing measurements: Missing measurements:
Lnio;lplete questionnaire: l l | Lniognplete questionnaire:
Loss to follow-up: n =7 IMO: IMO: Loss to follow-up: n =4

n=38 n=37

Figure 1. Flowchart in- and exclusions in the RESTED study, sample sizes per group and per measurement time point and drop-outs

and missing measurements per time point and group.

contraceptives) were obtained from the medical files
from these appointments.

To ensure that hormone levels were within the
healthy ranges before and after starting GAHT, the
clinicians conducted serum hormone assays at every
clinical appointment. At the Amsterdam UMC and
UMCG, serum testosterone measurements were
conducted using liquid chromatography-tandem
mass spectrometry (LC-MS/MS) with a lower limit
of quantitation of 0.1 nmol/L, and an inter-assay
coefficient of variation of 4% to 9%. Serum estradiol
measurements were conducted using LC-MS/MS
with a lower limit of quantitation of 20 pmol/L
and an inter-assay coefficient of variation of < 7%.

Chronotype

The primary outcome of this study was change in chron-
otype, measured by changes in midpoint of sleep at

baseline and after 3 months of GAHT and by changes
in sleep duration at baseline and after 3 months of
GAHT.

The sleep-corrected Midpoint of Sleep on Free days
(MSF,.) and sleep duration on free days were measured
using the wultra-short Munich  ChronoType
Questionnaire (UMCTQ) (Ghotbi et al. 2020). The
uMCTQ is a validated short questionnaire used to deter-
mine sleep-wake-behavior in a regular week, containing
questions about sleep onset and wake times on work-
days and work-free days, use of an alarm clock on free
days, number of workdays, and doing shift work. We
used two main outcomes from the pMCTQ: reported
sleep duration and MSF,.. Additionally, we used the
items on the number of work days one has in a week
and use of an alarm clock on free days.

Chronotype is determined based on sleep timing on
work-free days, since these are assumed to be relatively
free of constraints on sleep-wake behavior, such as an
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early work schedule. Chronotype is typically repre-
sented as the mid-point of sleep on work-free days
(MSF), which is calculated based on the midpoint
between the time of sleep onset and the time of sleep
end on work-free days. Since people with late chrono-
types tend to accumulate sleep debt throughout the
week, the chronotype can be corrected for the accumu-
lated sleep debt, creating the “sleep debt corrected”
midpoint of sleep on work-free days (or MSF.). The
MSF,. is calculated by weighing the average sleep dura-
tion on work days compared to the sleep duration on
work-free days for people who sleep longer on work-free
days than on work days. In people who do not sleep
longer on work-free days than on work days, the MSF
equals the MSF.. Sleep duration is the weighted average
of the time between sleep onset and sleep offset on work
days and on work-free days, corrected by the ratio of
work to work-free days.

Statistical analyses

R studio (version 4.0.3) was used for all statistical ana-
lyses. Data analysis was performed using linear mixed
effect models using the R packages Ime4 (Bates et al.
2015) and ImerTest (Kuznetsova et al. 2017). To account
for repeated measures in the same person, a random
intercept was used for each subject. Analyses were con-
ducted separately in the TM and TF groups.

To estimate the changes in midpoint of sleep and sleep
duration after 3 months of GAHT, we used the measure-
ment time point (e.g. baseline or 3-month follow-up) as
a fixed predictor in the unadjusted model, as displayed
below. Second, we incorporated a possible confounder
(work status: working more or less than 3 days a week)
into account in the adjusted model. Third, to account for
the use of alarm clocks in the cohort, we conducted
a sensitivity analysis where we included only the sub-
group of the cohort who reported not using an alarm
clock on free days. We also conducted two additional
post-hoc sensitivity analyses, of which the results are
reported in the supplementary analyses. First, we report
a complete case analysis of the unadjusted and the
adjusted model, in which we only included participants
who contributed measurements at both time points, and
results are displayed in Supplementary Table S1. Second,
we report an additional adjusted model which included
a categorical variable for cycle regulation use, and results
are displayed in Supplementary Table S2. All models are
displayed below.

Unadjusted model: Outcome * ~ measurement time
point + (1|Participant ID)

Adjusted model: Outcome * ~ measurement time
point + Work status ™ + (1|Participant ID)

Sensitivity model in subgroup “: Outcome * ~
measurement time point+ Work  status™ + (1]
Participant ID)

Cycle regulation model: Outcome * ~ measurement
time point + Work status® + Cycle regulation  + (1]
Participant ID)

(a) The following outcomes were tested: sleep dura-
tion, MSF,.

(b) Work status: whether participant reports work-
ing or going to school 3 or more days per week or
working or going to school less than 3 days per
week.

(c) This model was conducted on a subgroup of
participants who reported not using an alarm
on free days.

(d) Categorized in cycle regulation use vs. no cycle
regulation use. This post-hoc analysis was only
conducted in the transmasculine group.

Results
Demographic characteristics

The demographic and clinical characteristics, including
age, psychotropic medication use, hormone form and
serum hormone levels, of the study sample at baseline
and after 3 months of GAHT are reported in Table 1. At
baseline, TM participants had a median age of 23+5
years and 63% had more than 3 days of work or school
per week. At the start of GAHT, testosterone gel was the
most commonly utilized type of GAHT in TM partici-
pants (90%), short-acting testosterone injections were
used by the rest of the group (10%), and 44% of TM
participants used cycle regulation medication, of whom
23% a form containing only progestogens and 21% a
combined oral contraceptive with estradiol and
progestogens.

At baseline, TF participants had a median age of
27 + 5years and 43% had school or work on more
than 3 days per week. The most common form of estra-
diol prescribed at the start of GAHT was oral estradiol
(61%), the second most common form were estradiol
patches (30%) and 9% used estradiol gel. The majority
of TF participants started using a form of GnRH-analo-
gues as testosterone suppressant (84%) at the start of
GAHT, and three TF participants started using cypro-
terone acetate (9%).

Transmasculine group

As displayed in Table 2 and in Figure 2, the TM group
shows a 20-minute later MSF,. after 3 months of
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Table 1. Characteristics of the transmasculine (TM) and transfeminine (TF) groups reported per measurement time point.

TM participants TF participants
Baseline 3 months Baseline 3 months

Measurement point (n=48) (n=38) (n=44) (n=37)

Age (years; median, interquartile range) 22 (19.8; 24) 22 (19.5; 24) 26 (24; 31) 27 (24.8; 32.3)

Alcohol use 0(0;1) 0.5 (0; 0.5) 05(0to2) 05(0to2)
Units per week (median, interquartile range) 1 13 2 12
Missing

Smoking (n, %) 5(10%) 3 (8%) 6 (14%) 1(3%)
Current smoker 42 (88%) 25 (66%) 38 (67%) 31 (84%)
Not current smoker 1(2%) 10 (26%) 0 (0%) 5(13%)
Missing

Psychotropic medication use (n, %)° 7 (15%) 5(13%) 7 (16%) 4(11%)
Any psychotropic medication 5(10%) 4(11%) 5(11%) 3 (8%)
Antidepressants 1(2%) 1(3%) 4 (9%) 3 (8%)
Stimulants 2 (4%) 1(3%) 2 (5%) 1(3%)
Antipsychotics

Cycle regulation use (n, %) 21 (44%) 8 (21%) - -
Any cycle regulation 13 (27%) 7 (18%) - -
Progestin-only forms 8 (16%) 1(3%) - -
Combined forms

Use of alarm clock on free days (n, %) 17 (35%) 14 (35%) 15 (34%) 12 (32%)

Work or school days per week (n, %) 18 (37%) 11 (29%) 19 (43%) 19 (51%)
Less than 3 days of school or work 30 (63%) 27 (71%) 25 (57%) 18 (48%)
3 or more days of school or work

Serum hormone levels
(median, interquartile range)b

Testosterone (nmol/L) 0.9 (0.6, 1.2) 19 (13.5; 24.5) 13 (10; 17.5) 0.55 (0.4, 0.8)

Estradiol (pmol/L)

114 (79; 208) 134 (104, 186)

71.5 (59.8; 89.5)

283 (180; 396.3)

2Participants could use multiple forms of psychotropic medication.
PReference values for cisgender men: testosterone, 9 to 30 nmol/L, estradiol, 12 pmol/L to 126 pmol/L.
Reference values for premenopausal cisgender women: testosterone, 0.3 to 1.6 nmol/L, estradiol, 31 pmol/L to 2864 pmol/L (Amsterdam UMC

Endocrinologisch Lab et al., 2023; Verdonk et al., 2019).

Table 2. Sleep duration and (sleep-corrected) Midpoint of Sleep on Free days (MSF;.) obtained from the uyMCTQ in the transmasculine
(TM) group and the transfeminine (TF) group. All variables are reported in clock hours (hh:mm).

Transmasculine group

Unadjusted model Adjusted model

Sensitivity model®

Outcome Estimated change from Estimated change from Estimated change from
in hh:mm Predictor (n) Mean (SD)  baseline (95% CI: L; H) p-value) baseline (95% Cl: L; H) p-value) baseline (95% Cl: L; H) p-value)
MSF,. Baseline (48) 04:35 (01:26) Reference Reference Reference
3-month follow up 04:54 (01:37) 00:20 (—00:02; 00:41) 00:24 (00:03; 00:45) 00:30 (00:03; 00:58)
(38) p=0.084 p=0.03 p=0.039
Sleep duration  Baseline (48) 08:28 (01:14) Reference Reference Reference
3-month follow up 08:42 (01:04) 00:13 (—00:08, 00:35) 00:14 (—00:08, 00:36) 00:27 (00:01; 00:55)
(38) p=022 p=022 p =0.054

Transfeminine group

Unadjusted model
Estimated change from

Adjusted model
Estimated change from

Sensitivity model®
Estimated change from

Outcome Time point, months Mean (SD) or baseline (95% CI: L; H) baseline (95% Cl: L; H) baseline (95% CI: L; H)
in hh:mm after start GAHT (n) median (IQR)? p-value) p-value) p-value)
MSF. Baseline (44) 04:56 (01:27) Reference Reference
3-month follow up 04:39 (01:02) —00:15 (—00:35; 00:05) —00:21 (—00:38; —00:04) —00:17 (—00:32; —00:03)
(37) p=0.14 p=0.023 p=0.03
Sleep duration  Baseline (44) 08:26 (01:05) Reference Reference
3-month follow up 08:25 (00:54)  00:00 (—00:21; 00:21) —00:02 (—00:22; 00:17) —00:02 (—00:22; 00:17)
37) p=0.99 p=083 p=0.86

?Excluding participants who use alarm clocks on free days. Sample sizes are n =31 at baseline and n = 24 at 3 month-follow up for the TM group and n =29 at
baseline and n =25 at 3 month-follow up for the TF group.

masculinizing GAHT in the unadjusted model, a 22-min-
ute later MSF,. in the adjusted model and a 30-minute
later MSF,. in the sensitivity analysis. The TM group
shows no changes in the sleep duration after 3 months

of GAHT in the unadjusted or adjusted model. In the
sensitivity analysis, the TM group shows a trend towards
a longer sleep duration: the sleep duration is estimated to
be 27 minutes longer (p = 0.054) in TM users who did not
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Sleep duration and midpoint of sleep per group and measurement

Transmasculine
group

Transfeminine
group

00:00 1:00 2:00 3:00

4:00

5:00 6:00 7:00 8:00 9:00

Sleep duration and MSFsc (hours)

Measurement @ Baselne B 3-month follow up

Figure 2. The mean sleep duration (line) and sleep debt-corrected midpoint of sleep on free days (point) before GAHT (baseline;
displayed as the top orange bar) compared to after 3 months of GAHT (displayed as the bottom green bar). The Y-axis displays the
groups, the X-axis displays the mean sleep duration (as a line) and mean sleep debt-corrected midpoint of sleep (as a point) in hours.

Midpoint of sleep and sleep duration per group

MSFsc (hours)
o

3 months
of GAHT

3 months Baseline

of GAHT

Baseline

Sleep duration (hours)

3 months
of GAHT

3 months Baseline

of GAHT

Baseline

Figure 3. Sleep debt-corrected midpoint of sleep on free days (left) and sleep duration (right) per group and time point. Individual
dots display every participants’ measurements, lines connect the participants’ measurements, the gray squares represent the means
and the error bars represent the standard deviations per measurement time point and group.

use an alarm clock on free days. All results from the TM
group are displayed in Table 2 and in Figure 2 and
Figure 3.

Transfeminine group

In the TF group, the adjusted model for MSF,. showed
21-minute earlier MSF_ after 3 months of GAHT com-
pared to baseline. The sensitivity analysis showed
a significant 17-minute earlier MSF,. in TF partici-
pants who did not use an alarm clock on free days.
The TF group showed no significant changes in sleep
duration after 3 months of GAHT. All results from the
TF group are also displayed in Table 2 and in Figures 2
and 3.

Sensitivity analyses

In the supplementary materials, we have reported the
results of a complete case analyses (i.e., analyses in
participants who contributed both a baseline and
a 3-month measurement) and an analysis in the trans-
masculine group with an additional covariate for cycle
regulation use. Complete case analyses, displayed in
Supplementary Table S1, showed similar results com-
pared to the results reported in Table 2. Analyses incor-
porating use of cycle regulation, displayed in
Supplementary Table S2, indicate a trend-level associa-
tion indicating that participants on cycle regulation
reported an earlier chronotype in an unadjusted model
(-00:35, 95% CI: —01:08; —00:01, p = 0.05) as well as in
the model adjusting for work status (-00:32, 95% CI:



01:05; 00:01, p = 0.061). However, as reported in Table 2,
44% of participants were on cycle regulation at baseline
and only 21% was on cycle regulation after 3 months of
GAHT, and the sample still on cycle regulation after 3

months of GAHT is small (n = 8). Therefore, the effects
of cessation of cycle regulation and starting testosterone
are most likely conflated, and analyses are likely
underpowered.

Discussion

With this study we prospectively investigated the
effects of sex hormone use on chronotype in transgen-
der GAHT users. Our results show the transmasculine
participants, who were assigned female at birth, devel-
oped a later chronotype after the first 3 months of
testosterone. In contrast, transfeminine participants,
who were assigned male at birth, developed an earlier
chronotype after 3 months of estrogens and anti-
androgens. Taken together, our results indicate that
the use of masculinizing or feminizing sex hormones
can influence midpoint of sleep in an opposite direc-
tion, which is in line with chronotype differences seen
in the cisgender population.

Our findings of a later chronotype after 3 months of
masculinizing sex hormone use and an earlier chrono-
type after 3 months of feminizing sex hormone use are in
concordance with our hypotheses. Previous research
found that testosterone was associated with a later chron-
otype: salivary testosterone levels in cisgender men were
found to be associated with a later chronotype (Randler
et al. 2012), and women with PCOS, who have elevated
testosterone levels, also have a later chronotype than
women without PCOS (Karasu et al. 2021). Estrogen
had the opposite effect: previous research found that
estrogen has a phase-advancing effect in rodents, mean-
ing chronotype shifts to an earlier preference (Albers
et al. 1981; Leibenluft 1993). Thus, previous research
indicated that the effects of estrogen and testosterone
on chronotype might be opposing, which is in line with
our current findings. Based on our findings it is not
possible to separately assess the role of testosterone and
estrogen in the reported chronotype changes. All TF
participants used both estrogens and anti-androgens,
and therefore the resulting earlier chronotype could
both be caused by the increase in estrogen signaling, the
decrease in testosterone signaling, or by an interaction of
both factors. A similar limitation is found in the TM
participants: although they all start using testosterone
and the serum testosterone levels strongly increase,
many also report cessation of their menstrual cycle,
which most likely means that the endogenous estradiol
fluctuations have also stopped. Furthermore, some of the
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TM participants used cycle regulation, which also affects
gonadal hormone levels. Post-hoc sensitivity analyses,
reported in Supplementary Table S2, indicate that use
of cycle regulation is associated with an earlier chrono-
type. This could be due to the aforementioned effects of
estrogens, or due to the effects of progestins, since pro-
gestins are associated with mild sedative effects
(Soderpalm et al. 2004). Possible increased sleepiness
could therefore result in earlier sleep in the evening.
However, due to the conflated effects of the hormonal
treatments (i.e., cycle regulation combined with testoster-
one, anti-androgens combined with estrogens), it was not
possible to assess which hormonal mechanisms are
underlying the found shifts in chronotype based on our
data. Despite these conflated effects and the uncertainty
of the effects of the different hormones (i.e., endogenous
hormone levels, exogenous hormone forms), the obser-
vation that both feminizing hormone treatment and cycle
regulation use are associated with an earlier chronotype
suggests that estrogens or could be involved in the devel-
opment of an earlier chronotype. Further studies in other
cohorts starting exogenous hormones, including in males
with prostate cancer starting androgen suppression ther-
apy and in females starting hormonal contraceptives or
hormone therapy for menopause, could offer further
insights into the effects of sex hormone suppression on
chronotype.

Concerning sleep duration, no changes were found in
the TF participants after 3 months of GAHT. This is in
contrast with the findings of Liu et al. (2003), who found
that men show a sleep duration reduction of approxi-
mately 1 hour after administration of a high dosage of
testosterone, and Sakaguchi et al. (2006) who discovered
that short sleepers had higher testosterone levels.
Furthermore, we did not find any change in sleep dura-
tion in the TF participants after 3 months of hormone
therapy with estrogens and antiandrogens. These find-
ings may indicate that hormone therapy with either
testosterone or estrogen and antiandrogens might not
directly affect reported sleep duration, although it must
be noted that these results might not generalize to
objectively measured sleep durations.

The strengths of this study lie mainly in its unique
study population and its prospective study setup.
Firstly, the study of transgender hormone users
enables us to study the effects of exogenous sex hor-
mones, which are administered in such a dosage that
the sex hormone levels in our participants transition
from the levels found in cisgender women towards
the levels found in cisgender men, or vice versa, as
shown in Table 1. This is a unique and novel way of
studying effects of sex hormones on chronotype in
hormone users. Second, the prospective setup enables
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within-person comparisons of chronotype and sleep
duration, meaning the resulting estimates are more
reliable for assessing possible causal effects of sex
hormones.

A methodological limitation of this study is that
a subgroup of participants in this study used alarm
clocks on free days. It is preferable to determine some-
one’s natural rhythm on free days, without the interfer-
ence of an alarm clock. Therefore, participants who use
an alarm clock on free days should be excluded from the
calculation of MSF.. The number of participants using
an alarm clock on free days was quite large in our
cohort, and excluding these subjects would significantly
reduce the size of our study sample. Therefore, we
decided not to exclude participants who used an alarm
clock on free days. We have instead opted to conduct
a sensitivity analysis for participants who did not use an
alarm clock on free days. We found a 30-minute later
MSF,. in the TM group and a significant 17-minute
earlier MSF. in the TF group, indicating that including
participants who use alarm clocks on free days did not
change the direction of the found effects.

A second limitation is that chronotype and related sleep
variables were measured through a self-reported question-
naire. Participants estimated their own sleep onset and
wake times. However, the MCTQ is a validated and com-
monly used questionnaire with reliable and reproducible
results (Arab et al. 2024; Ghotbi et al. 2020), so we deem
the resulting outcomes sufficiently reliable for estimation
of participants’ chronotype”

Another limitation is that starting GAHT is asso-
ciated with changes in mental and social health.
Starting GAHT was found to most likely reduce depres-
sive symptoms in both TM and TF groups (Costa and
Colizzi 2016). Depression is related to disturbed sleep
and circadian rhythm alterations, meaning that changes
in the interaction between depression and chronotype
after starting GAHT could be affecting our results (Dai
and Hao 2019; Soria and Urretavizcaya 2009).
Furthermore, some transgender persons report
increased engagement in social activities after starting
GAHT (Fowler et al. 2023). It is therefore possible that
participants stayed up later or changed sleep times due
to changes in social events, although there are no known
differences in social activities between transmasculine
and transfeminine persons. Altogether, our results
should be interpreted taking into account that partici-
pants’ mental health and social lives might have changed
after the start of GAHT.

Based on our results, it is not yet clear whether the
magnitude of the changes in chronotype after GAHT
should also be considered clinically meaningful.
Previous work has shown that having a very late or

early chronotype (Partonen 2015) or a strong misalign-
ment between chronotype and timing of daily obliga-
tions (Caliandro et al. 2021) has adverse effects on
mental and physical health. These adverse effects
include increased risk of obesity, diabetes and cardio-
vascular disease (Koopman et al. 2017; Rutters et al.
2014; Wong et al. 2015). A 20-30 minute shift in mid-
point of sleep might not be clinically relevant for every
participant. However, a 30-minute shift in midpoint of
sleep could result in adverse changes in sleep in partici-
pants who already experienced short sleep durations or
large social jet lags, leading to short sleep and being late
to social or professional engagements.

Overall, our findings show novel evidence for an
effect of sex hormones on chronotype. These findings
bring up new questions, both on fundamental under-
lying mechanisms as well as on clinical and behavioral
effects of these chronotype changes. Future studies
should focus on studying the effects of sex hormones
on circadian rhythmicity in the body, through assess-
ment of actigraphy, body temperature, or levels of cor-
tisol and melatonin, to address the underlying
mechanisms between sex hormones and chronotype.
Furthermore, it should focus on the clinical conse-
quences of changes in chronotype, such as changes in
health risk and mental health.
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